Abstract-Schottky diodes in 65-nm CMOS have been designed, measured up to 67 GHz, and modeled in the reverse-bias voltage range. An array of 8 × 8 minimum-sized parallel diode junctions is compared with a single-junction diode and to linear arrays of 3, 12, and 64 elements of the same total area. An iterative analysis method and a more detailed equivalent circuit than that used in previous work are developed to extract the junction capacitance, the stray capacitance, and the series resistances separately. Based on the equivalent circuit model, the extrapolation of the diode RF behavior to frequencies beyond the measurement range is discussed. The relevance of the cutoff frequency of the Schottky junction itself for evaluation of the suitability of the diodes in millimeter-wave and terahertz applications is explained.
I. INTRODUCTION
T HE high-frequency behavior of silicon Schottky diodes processed in CMOS or BiCMOS technology has been the subject of a number of recent publications [1] - [5] . The intention is to evaluate whether the diodes are fast enough for millimeter-wave and emerging terahertz (THz) applications. With the decreasing pitch of CMOS technology, the distance between the Schottky diode contacts can be decreased. With the resulting decreased carrier path length in the silicon substrate, it is expected that the resistance of the diodes is reduced, and thereby, the maximum switching frequency is increased. Schottky diodes in 130-nm CMOS technology have already been investigated [1] , [5] . In this paper, Schottky diodes of different layouts in 65-nm CMOS technology are investigated for the first time to study whether the predicted improvement of the diode cutoff frequency can be proven. An equivalent circuit model for the diode is chosen and applied to predict their high-frequency behavior. In Section II the investigated diode layouts are described. In Section III, the measurement and deembedding procedure is presented. Section IV explains the chosen equivalent circuit and the parameter extraction method. Section V discusses the measurement results for the different layouts. In Section VI, the expected behavior of the diodes above the measurement frequency is discussed. The cutoff frequencies of the Schottky junction itself are shown to be more relevant for the evaluation of the high-frequency behavior of diodes than the cutoff frequencies used so far [1] - [5] .
II. PARAMETERIZED GEOMETRY OF THE SCHOTTKY DIODES Fig. 1 shows the cross section of the Schottky diodes. The Schottky contact consists of Ni-silicide on n-type silicon. This is a nonstandard contact in the chosen 65-nm CMOS process that was specifically requested to realize the circuits of this investigation. The cathode contact is made of highly n-doped silicon. Arrays of vias from the first metallization level to the Schottky contact and to the n + silicon are placed to reduce the series resistance of the diode. Five different Schottky diode layouts are investigated.
• Fig. 3 It is expected that diode 1 has the highest cutoff frequency due to the scaling of the resistance. The area of the diodes in this work is smaller than in [1] , which leads to a significant stray capacitance. 
III. MEASUREMENT AND DE-EMBEDDING
The S-parameters of the diodes have been measured in a 1-port configuration with an Agilent E8361A vector network analyzer up to 67 GHz for the bias voltage range from −2 V to 0.3 V. The capacitance values of the diodes are extremely small, around 6 fF. Therefore, the design of the bond pads and interconnects was done carefully. Ground-shielded bond pads [6] , [7] for the RF-probes have been chosen with a pad area of 40 μm by 40 μm. Furthermore, the signal bond pad uses only the upper two metal layers to maximize the distance to ground. Due to this pad geometry, a minimum capacitive coupling to ground and to the lossy silicon substrate is achieved. The calculated parallel plate capacitance to ground of the signal bond pad is 29 fF. A taper-structure is used to connect the bond pads to a grounded co-planar waveguide (CPWG) of 50 Ω impedance. To connect the transmission line in the top metal layer to the diode at the silicon surface, a stack of vias of 3.46 μm height is used. From the analytical model described in [8] the via inductance is estimated as 0.36 pH. This inductance together with the diode capacitance form a series LC circuit with a resonance frequency of about 3.4 THz. Thus it will not influence the measurement accuracy. The capacitance of the via to ground needs to be de-embedded. Even with the smallest possible via pad area the via capacitance is 4.4 fF, which is the same order of magnitude as the diode capacitances. From this estimation of the parasitics, the equivalent circuit of the measurement structure is derived (Fig. 4) . For de-embedding, the open-short de-embedding approach is chosen with two sets of open and short structures to extract all parameters of the equivalent circuit. From the measurement of the de-embedding structures, the actual bond pad capacitance is extracted as 26 fF and the via-capacitance is extracted as 5.7 fF, which is very close to the estimated values. The via-inductance turned out indeed as negligible. Furthermore, the diode is connected to the coplanar ground on both sides of the CPWG. These interconnects add an inductance of 32 pH. Fig. 5(a) shows the chosen equivalent circuit model for the Schottky diode. The resistance R junction and the capacitance C junction describe the Schottky contact itself. The series resistance R S1 and R S2 describe the resistance due to the finite resistivity of the n-well and the contact resistance to the diode electrodes. The stray-capacitance C stray accounts for the electric coupling between the anode and cathode. The stray capacitance and the resistances R S1 and R S2 are assumed bias-independent. Fig. 5(b) shows the simplified equivalent circuit that is valid at reverse bias. In this case the conductance of the diode is very small and the diode acts mainly as a capacitor. For a Schottky contact of area A, uniform donor concentration N D and built-in voltage V bi the space charge leads to a capacitance of
IV. EQUIVALENT CIRCUIT AND COMPONENT EXTRACTION
where e is the electron charge and ε r the dielectric constant in the space charge region.
junction is a linear function of the voltage U and the intersection with the U -axis is equal to the built-in voltage V bi . From the slope of the curve the donor concentration N D can be derived. For the extraction of the equivalent circuit components, the measured S-parameters of the diode at reverse bias and the equivalent circuit of Fig. 5(b) are used. In this case, the diode admittance is given by
Thus in the case of reverse bias and sufficiently low frequency, the imaginary part of the diode-admittance is given by omega times the sum of the junction capacitance and the stray capacitance. When the diode bias voltage is approaching the builtin potential V bi , the junction capacitance increases and will dominate over the stray capacitance which is bias-independant. The conductance of the Schottky contact is still very small. In this case the imaginary part of the diode admittance is approximately
Based on (2) 2) The approximated value of the stray capacitance is calculated from the difference of the total measured capacitance at −2 V and the contribution of the junction capacitance (based on (1) with the values from step 1). 3) This estimate of the stray capacitance C stray is used to improve the linear approximation of C −2 junction for the bias voltage range (−0.4 V to 0.1 V) with C junction equal to
4) A more accurate value of C stray is subsequently calculated at −2 V bias. 5) The iteration is continued until the values of C stray , V bi and N D have converged.
For the diodes measured in this study, convergence is achieved in 10 iteration steps. Now that the junction and the stray capacitance are known, the series resistances R S1 and R S2 can be derived from the real part of the diode admittance at different bias points (2).
V. MEASUREMENT RESULTS
The extracted equivalent circuit parameters for the diodes are listed in Table I . Due to the small value, the resistance R S2 of diode 2 and 5 could not be determined. Fig. 6 show the junction capacitance as a function of the voltage at 30 GHz for the five diode structures. Even though the layout of the Schottky junctions is scaling from one large junction of 1.8 μm side-length to small junctions of only 0.24 μm side-length, the junction capacitance hardly changes. The junction capacitance can be described by (1) with a constant build-in voltage of (0.39 ± 0.03) V and a donor concentration of (1.6 ± 0.4) · 10 17 cm −3 for all designs. In [5] a variation of the junction grading coefficient with the size of the junction is proposed. This paper shows that a junction grading coefficient of 0.5 (uniform donor concentration) fits the measurement result of the junction capacitance if the stray capacitance is subtracted from the total diode capacitance first. The stray capacitance and the resistances R S1 and R S2 are bias-independent as expected. The stray capacitance for the square diode arrays is 7 times higher than for the single-junction diode. As expected the stray capacitance of the linear Schottky arrays increases with the number of elements. It is higher than the junction capacitance for the 8 × 8 square diode layout and for the linear array of 64 elements over the measured bias voltage range.
Figs. 7-9 show the extracted equivalent circuit parameters of the Schottky diodes in the frequency range from 10 GHz to 67 GHz. The extracted values of C stray varies by less than 6% over the measured frequency range, the values of C junction by less than 3%.
VI. DISCUSSION AND OUTLOOK
As shown in the previous paragraph, the stray capacitance of these extremely small Schottky diodes becomes very large, sometimes even larger than the junction capacitance. In high frequency applications, where the voltage dependent junction capacitance is crucial, the high frequency behavior of the Schottky contact itself is important. This is the case for nonlinear transmission lines and sampling circuits [10], [11] . To evaluate the suitability of the Schottky diodes for this type of high frequency circuits, the cutoff frequency of the junction itself has to be known. In the devices we have analyzed, the junction cutoff frequency is much lower than the cutoff frequency of the branch with C stray and R S2 and hence is the speed-limiting factor. In this paper, the cutoff frequency of the Schottky contact is defined as the frequency where the real and the imaginary part of the Schottky-junction-branch (C junction and R S1 ) of the equivalent circuit are equal The values of the cutoff frequency are listed in Table I . With 430 GHz the cutoff frequency of the square array is highest due to the reduced series resistance. The branch of the equivalent circuit that contains the stray capacitance and the resistance R S2 has cutoff frequency between 832 GHz and 2.55 THz as it does not represent the path through the silicon substrate. This path is of no use in the Schottky diode application in nonlinear circuits.
If the diode is described with an RC series model [1] , the stray capacitance leads to an apparent increase of the cutoff frequency. Comparing the impedances of the series RC circuit with the impedance of the equivalent circuit used in this work, it is derived that the predicted cutoff frequency extracted from the measurement well below the cutoff frequency is a factor of (C junction + C stray )/C junction higher for the series RC circuit. In the approximation that R S2 is neglected, the transformation between the two equivalent circuit components is given by
where α = C junction /C stray . At frequencies much lower than the cutoff frequency, these expressions simplify to
The resulting series cutoff frequency is then given by
Increased switching speed of the Schottky diode can only be achieved if the product R S1 C junction is reduced. An increase of the stray capacitance leads to an increase of f series,0 V . This frequency should not be used to evaluate Schottky diodes if significant stray capacitance is present. For comparison to earlier publications on the topic, the values of f series,0 V are listed in Table II . However, it must be mentioned that a comparison between different Schottky diodes on the basis of f series,0 V is misleading. A more realistic comparison should be done by taking the junction cutoff frequency and the stray capacitance into account separately. For applications of Schottky diodes in, e.g., nonlinear transmission lines and high speed sampling [1] circuits, it is the speed of the Schottky contact itself that is important for the high frequency operation of the device.
VII. CONCLUSION
A comparison of the RF-behavior of five Schottky diodes with different junction layout processed in CMOS 65 nm technology has been made. The circuit parameters of an equivalent circuit model have been extracted from multibias-S-parameter measurements. Using minimum sized diode junctions leads to a decrease of the series resistance but also to a strong increase of the stray capacitance. From the analysis of the equivalent circuit model it is made clear that the stray capacitance has a major effect on the diode performance and needs to be extracted to estimate the diode's suitability for applications requiring fast switching of the voltage dependent diode capacitance, such as in nonlinear transmission lines or sampling circuits. For the investigated layouts, the estimated cutoff frequencies of the junction itself are between 231 GHz and 430 GHz, which is significantly lower than predicted earlier. In 2003, he joined the Integrated Transceivers group (now ESSI group) in Philips Research Laboratories, Eindhoven, The Netherlands, where he is currently Senior Scientist and Project Leader of the THz Microsystems project. He is also the Coordinator of the European FP7 project ULTRA. His research interests are nonlinear ultra""fast circuits and system design using new technologies and terahertz circuits and systems design for bio-medical, pharmaceutical and chemical applications.
